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From: S. Deutsch and J. Castano

Subject: Microbubble Skin Friction Reduction on an Axisymmetric

Body

Abstract: A reduction in skin friction drag is shown when gas is
introduced into the liquid turbulent boundary layer of a submerged

axisymmetric body. The 89 mm diameter, 632 mm long body has an cylindrical
balance 273 mm long. Free stream speeds in the 305 mm diameter tunnel are as
high as 17 m/sec, giving length Reynolds numbers of up to 10 million. In

general, skin friction reduction is shown to increase with increasing free
stream speed. At high speeds, helium injection is shown to be more effective
at reducing skin friction than is air injection. Maximum skin friction
reduction is near 80% --a value in good agreement with the maximum value
observed in the flat plate work of Madavan, Deutsch and Merkle (MDM). Maximum

skin friction reduction is found at 17 m/sec for the axisymmetric case,
however, as opposed to 5 m/sec for flat plate work.
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Introduction

The injection of a gas (to form microbubbles) into a liquid turbulent
boundary layer has been shown, in several studies [1-8], to reduce drag. For
the most part, these studies have looked at the skin friction reduction
obtainable in a flat plate geometry [1-7]. The drag reduction mechanism is
not very well understood; only two rudimentary analytical/computational
studies [9,10] have been attempted. While the key to a fundamental under-
standing of the phenomenon would appear to lie in an understanding of bubble
dynamics in a boundary layer flow, it seems plausible from the computational
work [9], when taken in concert with some bubble concentration profile
measurements [4-6], that the bubbles provide a mechanism for increasing
the kinematic viscosity near the buffer region, thereby destroving some of
the turbulent production. A similar mechanism has been postulated for the
polymer drag reduction phenomenon [111.

In the current study, the series of microbubble skin friction reduction
experiments is extended to a more practical, axisymmetric geometry. The scope
of the study is very much like that undertaken by MDM [1]. Before describing
the current set of experiments and their results, however, we present a
summary of previous work done on microbubble drag reduction. A more detailed
review has been given by Merkle and Deutsch [12].

Measurements of drag reduction by microbubbles was first reported by
McCormick and Bhattacharyya in 1973 [8]. This was the only reported study
in which total, as opposed to skin friction drag, was measured. A 914.4 mm
long, 127 mm (maximum) diameter axisymmetric body was used in the experiment.
A 0.15 mm diameter copper wire was wound around the hull in order to generate
microbubbles through electrolysis. The number of coils, the amount of surface
area over which they extended and the initial coil locations were all varied.
The model was run in a tow tank at speeds between 0.32 and 2.6 m/sec.
Maximum length Reynolds numbers varied from 0.3 to 2.4 million. The
undisturbed boundary layer characteristics were not measured. The rate of
hydrogen mass production was estimated using Faraday's law; the volumetric
flow rates were between 1.35 x 10- 4 and 4.1 x 10- 4 m3/sec.

McCormick and Bhattacharyya found higher drag reduction when the coils
were extended over a larger surface area (except at the higher model speeds
at which a bubble induced premature separation probably occurred).
Inconclusive results were found when the coils were only extended over a
small (19%) area immediately behind the boundary layer trip. It seems likely
that for this case the bubbles hastened transition -- causing some increased
drag. The tests made with variable gas flow rates showed that drag reduction
increased with gas flow rate; a maximum reduction of near 30% in total drag
was observed at a model speed of 1.28 m/sec and maximum gas flow rate. In
general, the largest reductions were observed at the lower model velocities,
perhaps because of insufficient hydrogen gas generation for the higher
speeds (i.e., a small ratio of gas to water volume flow rate).
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Several Soviet studies followed the McCormick and Bhattacharrya work.
Perhaps the most comprehensive Soviet investigation on microbubble drag
reduction was carried out by Migirenko and Evseev [4] in 1974. A 955 mm long
flat plate, 224 mm wide and 40 mm thick, was suspended in the center of a
(roughly 244 x 150 mm) 1.5 m long rectangular test section. The porous
section, which began at 79.2 mm and ended at 401 mm from the leading edge, was
made up of 0.8 mm thick, machine-etched aluminum plates compressed together
and mounted flush to the top surface of the flat plate. Pore size was
estimated by empirical relationships based on the bubble separation diameter
(defined as the diameter of the bubbles immediately after separation from the
porous material) which was measured from photographs of bubbles in quiescent
water. The permeable plate was estimated to have a pore size of between 0.5
and 3.5 microns and a porosity of 1%.

The local skin friction was measured by a floating wall sensor (at an
unspecified distance) downstream of the porous section. The sketch presented
suggests that the sensor is roughly 450 mm from the leading edge of the plate.
Note that the sensor is on the top surface of the plate, so that buoyancy
would tend to remove bubbles from the boundary layer. The bubble concentration
in the boundary layer was measured by a conductivity probe; pressure
fluctuations were also measured (but in an unspecified manner).

Maximum gas flow rates used were between 0.8 x 10-3 and 1.85 x 10- 3

m3/sec. Reductions in skin friction drag were found for -he four mean flow
velocities (4.4, 6.5, 8.7 and 10.9 m/sec) tested. At the higher velocities
the skin friction reduction increased monotonically with gas flow rate;
the drag was reduced to nearly 10% of its no gas value at 10.9 m/sec
and maximum gas flow rate. The drag response at the lower (4.4 and 6.5
m/sec) velocities was quite different; an initial rise in drag was followed
by a steady drop to a maximally reduced drag, after which the drag began to
rise again with gas flow rate. In general, reductions in drag increased
with mean velocity for a given gas flow rate.

The conductivity probe measurements showed that for a given gas flow rate
the location of the maximum bubble concentration approached the surface as the
mean flow velocity increased. At the highest tunnel velocity and the maximum
gas flow rate, a peak bubble concentration of 0.75 was found at a distance
from the surface at which Y/6 is 0.1.

Other Soviet experiments were made by Dubnishchev et al. [51 (as
reported in Migirenko and Evseev [4]) and by Bogdevich and Maligua [6].
Bogdevich and Evseev [7] reviewed several of the Soviet experiments.

The most recent series of experiments in microbubble drag reduction were
performed by Madavan, Deutsch and Merkle [1-31 in a 508 x 114 mm rectangular
test section 762 mm long. The flat plate configuration employed was mounted
flush to a tunnel wall in a 279 x 533 mm slot intended for a window. A 102 mm
wide by 178 mm long porous section was placed in front of a force balance 102
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x 254 mm long. For the initial tests, the porous section was constructed from

a sintered stainless steel filter material with a nominal pore size of 5
microns. The orientation of the plate with respect to gravity was varied by
rotating the test section. Tests were made with the plate above, below and
alongside the microbubble filled turbulent boundary layer,

Mean velocity and turbulent intensity profiles were measured at three
streamwise locations in the undisturbed boundary layer. The profiles
appeared to be fully developed at speeds above 5 m/sec. Length Reynolds
numbers, based on a fictitious boundary layer origin, deduced from the
velocity profiles, were between 2.2 and 10.6 million. Static pressure
measurements showed the pressure gradient to be nominally zero over the
length of the test plate.

Integrated skin friction on the floating element force balance was
measured at free-stream speeds of 4.2 to 17.4 m/sec. The results show skin
friction reductions ranging from 50 to 80% (depending on plate orientation)
at a maximum air flow rate near 5 x 10-3 m3/sec. The largest reductions
occurred for the plate on top case where buoyancy tended to keep the
bubbles in the boundary layer. In contrast to the results of Migirenko
and Evseev [4] maximum drag reduction was found at the lowest speed tested.
This would appear to indicate that buoyancy was not a major factor in the
MDM tests, but rather that the drag reduction was limited by the availability
of gas at the higher tunnel speeds . MDM [I] also performed some limited
experiments with helium. Helium injection was found to give the same
reduction as air injection, indicating that the density of the gas was not a
variable.

In the initial MDM experiments [I], the local skin friction was measured
by a surface mounted hot film probe locp,-d 51 mm from the trailing edge
of the porous material. For the plate on the bottom orientation, local
reductions of nearly 90% were observed. MDM reported that oscilloscope
traces of the hot film probe output signal showed no sign of bubble
impingement (as opposed to a hot film probe in the boundary layer, say).
This confirmed the concentration measurements made by Bogdevich and
Maliuga [6] which indicated that the bubbles were not present in the
region (sublayer) closest to the wall. This apparent lack of bubbles in
the very near wall region is important, if one is to believe that a major
mechanism for bubble drag reduction is the selective increase of kinematic
viscosity (in the buffer region).

A second series of experiments, employing an array of hot film probes
on the balance was also conducted by MDM [2]. Using this array they were
able to show that substantial drag reduction persisted for as much as
60 to 70 boundary layer thicknesses downstream of the injection section.
The loss of some of the turbulent production scales was confirmed through

*Note that the work of MDM [1-3] and Migirenko and Evseev [4] complement

rather than contradict each other. Some unpublishcd work by MDM indicates
that the drag reduction decreases as the free stream speed is reduced
below about 4 m/sec and buoyant effects become large.
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spectral measurements; the similarity between the shear stress spectrum
for the microbubble boundary layer and the polymer boundary layer [13]
was quite striking.

In the current experiment, skin friction drag measurements are extended
to an axisymmetric body. To facilitate comparison between the current study
and the work of MDM [], some boundary layer parameters are presented for
each in Table 1. These are the only two studies for which details of the
undisturbed boundary layer are available.

Facilities and Procedures

The current experiment was run in the 305 mm diameter tunnel at the
Applied Research Laboratory of The Pennsylvania State University. This
tunnel, but with the rectangular section in place, was previously described
by MDM ['1. Tunnel velocity, pressure and gas injection flow rates were
controlled manually. The tunnel has a bypass mechanism to purge the water
of gas accumulation; in general, this allowed for long periods of continuous
gas injection without serious fluctuations in the tunnel speed and pressure.
Data acquisition and reduction were accomplished through an on-line VAX 11/780
computer system.

Figure 1 shows the 89 mm diameter axisymmetric model. The overall length
of the model is 632 mm. An isolated cylindrical section with stiff tension/
compression members serves as a force balance to measure the skin friction;
the balance is 273 mm long with gaps of 0.127 and 0.254 mm located at axial
distances of 196 and 469 mm from the nose respectively. The gaps were
carefully aligned to minimize potential pressure effects. Maximum balance
displacement was estimated to be no more than 50 microns. A 6.35 mm long and
5.17 mm thick, cylindrical, sintered porous plastic section. with a nominal
pore size of 5 microns, was used to inject the gas at a distance of 146.5 mm
from the nose. Moveable partitions, inside the model, were set to visually
ensure symmetric gas injection over the model. A steel wire, 0.35 mm in
diameter, was placed 46 mm from the leading edge in an effort to trip the
boundary layer !nd ensure a fully-developed turbulent boundary layer over the
measuring section. A 200 mm long sting mount held the model in the center of
the test section; two 127 mm long streamlined struts inclined at 45 dcgrpes
from the sting were attached to the lower tunnel wall immediately behind the
model. Identical dummy struts were placed symmetrically opposite the support
struts to preserve flow symmetry.

The balance employed a strain-gauged tension compression member to infer
the integrated skin friction on the surface. The balance was dry calibrated
in place in the test section using a radially centered pulley and incremental
weights. The balance showed excellent linearity. Several of the calibrations
were made with air injection and showed that injection had no effect on the
measured drag. Throughout the test program the response of the balance was
checked against tunnel speed for consistency; no measurable drift was noted.
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Reference drag tests provided skin friction drag as a function of the
mean flow speed. Small random fluctuations in velocity (during injection*)
were accounted for by normalizing the drag measured by the balance during
gas injection with the reference drag calculated at the actual velocity
(determined from a second order least squares curve fit of the calibration
data). The velocity corrected tests were then arranged by the test "target"
velocity (6.1, 10.7 or 16.8 m/sec) and sorted into bins according to gas
flow rate. The number of data points in each bin was equal to the number
of runs made at each target velocity with a given gas. A student T-test
was used to calculate 95% confidence levels for the data in each bin. This
provided one curve of normalized drag reduction against gas flow rate for
each gas at each of the target velocities.

The gas volume flow rate, the free stream velocity and the type of gas
(air or helium) were systematically varied to determine the influence each had
on the skin friction. Gas injection flow rates were measured with an
rotameter. The rotatmeter was calibrated to measure air flow rates at
standard atmospheric pressure and temperature. Gas flow rates were corrected
for the actual injection pressure and for the density of the injected gas.
Gas temperature was not measured during injection, but subsequent bench tests
indicated that both gases were injected at near room temperature for the range
of pressures and flow rates employed.

An LDV was used to measure the velocity profiles at three locations (4.7,
134.9 and 265.1 mm from the upstream gap) on the balance to determine the
characteristics of the undisturbed boundary layer. The LDV was composed of a
spectra-physics 8-Watt argon-ion laser and power supply, and TSI optics
consisting of a 3.75X beam expander, a 460 mm transmitting lens, and a model
1980 counter processor. A small amount of 1.5 micron silicon-carbide
particles was added to the tunnel as seed. Data reduction was through the
VAX 11/780 computer. An aluminum collar with a scribed line 7.93 mm above
the surface of the balance was used to find a consistent reference point for
the LDV sample volume, in this way providing a known initial position in the
boundary layer. Experience with these templates indicates a repeatability in
the initial location of some 50 microns. The single component, dual beam
system was operated in the backscatter mode. The turbulence intensity
dictated the number of samples that was taken at each point in the boundary
layer; 200 points for turbulence intensities below 5%, 500 samples for
turbulence intensities below 10% and 1,000 samples for turbulence intensities
above 10%. The number of samples was chosen, in each case, to insure
reasonable repeatability of the mean velocity and the turbulence intensity.

The static pressure distribution along the test section wall was measured
using a bank of individual pressure transducers. The pressure was measured at
six axial locatiotis, 104 mm apart along the wall, with the first tap
positioned 109.5 mm downstream of the nose. At each of the axial locations, a
pressure reading was taken from each of the four quadrants of the circular
test section in order to check for axial-symmetry. The pressure tap in each

*These velocity fluctuations arise because of the large amount of

air the tunnel impeller encounters. Such free stream gas contamination has
been shown to have no effect on the drag characteristics.
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quadrant was lined up circumferentially with the support and dummy support
struts. Each survey of the 24 pressure taps lasted approximately four
seconds. Test runs made at constant tunnel speed indicated that this was
sufficiently fast so that tunnel velocity variations did nut contaminate the
results. Surveys were taken at 20 to 30 air injection rates (to 3.6 x 10-3
m 3/sec) to test for possible pressure variations or flow asymmetry with
injection. It should be noted that the free stream velocity at the model was
calculated from measurements made by differencing the settling section
pressure against the static pressure at the second tap location in the test
section (213.5 mm from the nose). Approach velocities were then some 10%
lower.

Results

The skin friction coefficient (based on the surface area of the balance)
is shown as a function of Reynolds number (based on the maximum model
diameter) in Fig. 2. The tests presented span the period of the
experimentaton and are characteristic of data taken for both increasing and
decreasing tunnel speed. With ihe exception of the data taken at the lowest
speeds, at which deviations between runs are as high as 10%, repeatability is
excellent. The low speed deviations are characteristic, and represent a
balance sensitivity problem at very low force values. This problem re-emerges
in the large error bands associated with the skin friction reduction data
taken at a free stream speed of 4.6 m/sec.

LDV surveys of the boundary layer, at 4.7, 134.9 and 265.1 mm downstream
of the upstream gap, were taken at free stream speeds of 5.0, 11.1 and 17.2
m/sec. Data reduction was through an existing code [141, which for these
measurements may be considered to be an automated "Clauser plot" technique.
In general, measurements could be made no closer than a Y+ of 100, which
corcesponded to a U/U, of about 0.6. A sufficient number of points were
obtained in the logarithmic region for the shear velocity to be estimated.
Comparisons between the shear stress on the balance (taken as the average of
the three measured values at each speed) as obtained from the fit of the LDV
data to the law of the wall, against the shear stress obtained from the
balance measurements agreed to within 10%. For velocities above 5 m/sec the
profiles appear to be fully developed. Important boundary layer parameters are
shown, along with a comparison with the MDM [I] data, in Table 1. Note that
although the outer scales were as much as twice as large in the MDM [1]
experiments than in the current study, the inner scale, u*, compares to within
about 15%. Shape factors are almost identical.

As noted earlier, the symmetry of the flow during air injection was
checked by comparing the wall static pressure distribution taken along the
four quadrants of the tunnel test section, at six axial locations. A
typical normalized velocity distribution is given as a function of the
pressure tap axial location in Fig. 3. For convenience in interpreting the
plot, the location of the balance section is included in the figure. Note
that the flow exhibits excellent axial-symmetry both with and without gas
injection. In all cases the velocity is reasonably constant across the
balance section, indicating the presence of a zero pressure gradient flow --
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a result which does not change with gas injection. The strong decrease in
velocity at the last pressure tap is caused by the increased flow area as
the tail of the body is approached.

The skin friction drag reduction data are presented for free stream
velocities of 4.6, 7.6, 10.7 and 16.8 m/sec in Figs. 4 through 6. The
boundary layer at 4.6 m/sec is probably not fully-developed. Mean drag
reduction data are presented as the ratio of skin friction coefficient to the
no gas injection skin friction coefficient, against the gas volumetric flow
rate. The range of gas volumetric flow rates employed in the MDM work is
shown, for convenience, on the figures. Also shown in the figures are 95%
confidence levels as determined by a student T-test.

The data taken at 4.6 m/sec shows that the drag, at the lowest gas flow
rates, initially increases with the gas injection. This suggests that the
injection may be hastening the transition of an under-developed boundary layer
at this low speed. A maximum drag reduction, of 20% for air and 15% for
helium, occurs at gas flow rates between 1.5 and 2.5 x 10- 3 m3/sec.
Increasing the gas flow rate further leads to substantially smaller reductions
for both the air and the helium injection. At the largest flow rates, the
helium data indicate skin friction ratios near one. Photographs taken under
these conditions show that the bubbles have in fact left the boundary layer
region. The helium results have apparently returned to their undisturbed drag
value, within the scatter, because buoyancy effects (stronger at higher gas
flow rates because of the larger bubble sizes [151) have made the bubbles
ineffective as drag reducers. The effect of buoyancy on the denser air is not
as strong.

Drag reduction data taken at a mean speed of 7.6 m/sec are shown in
Fig. 5. Here the initial drag overshoot is absent, suggesting that the
undisturbed boundary layer is fully developed at this speed. The drag
reduction for both the helium and air is roughly the same, in agreement
with the work of MDM [1]. Note, however, that the iaximum drag reduction
at this speed is larger than at 4.6 m/sec. This would seem to indicate
that strong buoyant effects are absent at and above speeds of 7.6 m/sec.

The drag reduction data for free stream speeds of both 10.7 and
16.8 m/sec are quite similar. At both speeds, the drag reductions seems to
be (slowly) leveling off at hizh gas flow rates. Hughes et al. [15]

predicted that initial buhLle size would grow proportional to /Q. Bubble

sizes would likely remp;.n larger at high gas flow rates as the small scale
turbulence, most effective at breaking them down, would be destroyed by the
drag reduction mechanism. One might speculate then that the larger bubbles
produced at the higher gas flow rates (perhaps because they are influenced
more by buoyancy) are less effective at reducing drag. The data taken at 10.7
m/sec show large reductions in skin friction for both air and helium
injection; the maximum drag reduction for air injection occurs at this tunnel
speed. Larger air flow rates than were available would be needed to see if
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the reduction with air injection has the same high gas flow rate asymptote as
the helium injection at a free stream speed of 10.7 m/sec. At a tunnel speed
of 16.8 m/sec, helium injection is clearly a more effective skin friction
reducer than is air injection. At an air flow rate of 4.0 x 10-3 m3/sec, for
example, a skin friction drag reduction of about 60% is obtained with helium
as opposed to 40% for air. This result, although intriguing, is not well
understood. Note that neither the simple computational work of MDM [91, nor
the analytical work of Legner [101 provides any mechanism for describing these
differences. Clearly more analytical work is needed.

Conclusion

The injection of gas to form microbubbles in a liquid turbulent boundary
layer has been shown, through a series of water tunnel tests to be effective
in reducing skin friction drag on an axisymmetric body. Both helium and air
were used in the experiments.

Injection of helium (at high speeds) and air (at moderate speeds)
produced large skin friction reductions of roughly 80 and 55% respectively.
The observation that the amount of drag reduction was a function of gas
type (density) was unexpected since earlier observations by MDM [1]
suggested that the drag reductions obtained were essentially dependent on
the volumetric, not the mass flow rate of the gas. Additional studies in
the simpler flat plate geometry appear to be warranted.

The skin friction reduction increased monotonically with the gas flow
rate at all but the lowest tunnel velocity tested. At this lowest speed, of
4.6 m/sec, the drag data show both an initial increase with gas injection and
an optimal gas flow rate above which the drag value begin to rise. The
initial drag rise is probably due to the bubble induced change in the
transitional boundary layer at 4.6 m/sec.

Based on simple extrapolation of the flat plate studies [1-7], the
observation of larger drag reduction at the higher tunnel speeds is an
unexpected result. The differing results are apparently due to the differing
influence of buoyancy in each geometry. It appears that higher free stream
velocities are needed in the axisymmetric geometry to sustain effective
concentrations of bubbles in the boundary layer. Certainly from a practical
standpoint, the observation that maximum drag reduction, while equivalent to
the flat plate value, is found at 17 m/sec rather than at 5 m/sec is a major
result. The fact that the same maximum drag reduction was obtained in each
experiment at (nearly the same) high gas flow rates is also of importance as
the MDM boundary layer had outer scales as much as twice that of the current
work while the inner scales were nearly the same. This would seem to imply,
as did the simple computational studies [91, that scale up calculations, for
example, should be based on inner not outer scaling. (This, of course,
presupposes that the bubble concentration profiles can be made to peak in the
near wall region and persist there, independent of the geometry of the
boundary layer.)
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It is apparent from all the experimeats done to date that large
reductions in skin friction [1-7] and total drag [8] may be obtained by using
gas injection in a liquid turbulent boundary layer, provided that a sufficient
concentration of (sufficiently small) bubbles can be maintained in the near
wall region. The extrapolation of these results to practical geometries at
practical Reynolds number, as well as calculations of the gas flow rate
necessary, is very much dependent on the dynamics of the bubbles in these
situations. Information on bubble trajectories and bubble sizes (and the
evolution of sizes in the changing turbulent field) are necessary. The
theoretical framework to formulate such a view of bubble dynamics is currently
lackiag. Ep.rierits, in which the influence of various parameters (e.g.,
pressure gradient, density) on the drag reduction is catalogued, or in which
the phenomenon is examined in bourdary layers with widely different inner or
outer flow parameters, should be useful in providing insight for theoretical
models.
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Table 1. Comparison of LDA Data

Variables MDM Flat Plate Axisymmetric

Downstream Location (mm) 454* 413**

U. (m/s) 10.47 11.25

Re (1.607) 10,627 6,611

H 1.25 1.27

U* (m/s) 0.3898 0.449

Cf 0.0028 0.0032

Location (mm) 374 285

U. (m/s) 10.30 11.15

Re (1.883) 8,862 4,707

H 1.28 1.27

U* (m/s) 0.3962 0.466

Cf 0.0029 0.0035

Location (mm) 272 155

U. (m/s) 10.90 11.09

Re (2.271) 7,358 3,240

H 1.27 1.29

U* (m/s) 0.4222 0.477

Cf 0.0030 0.0037

*From virtual origin

**From trip wire
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